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Abstract: We show that when the relevant CP violating interactions in leptogenesis are
fast, the different matter density asymmetries are determined at each instant by a balance
condition between the amount of asymmetry being created and destroyed. This fact allows
to understand in a simple way many features of leptogenesis in the strong washout regime.
In particular, we find some non-trivial effects of flavour changing interactions that conserve
lepton number, which are specially relevant in models for leptogenesis that rely heavily on
flavour effects.
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1. Introduction
Leptogenesis is one of the most attractive mechanisms to explain the origin of the matter-
antimatter asymmetry of the Universe [1]. This is so because it arises naturally in simple
extensions of the standard model (SM) which can also explain why the neutrino masses are
so tiny. In this mechanism a lepton asymmetry is produced in the out of equilibrium decay
of heavy Majorana neutrinos, which is then partially converted into a baryon asymmetry
by non-perturbative sphaleron processes (see [2] for a complete review).
Among the three Sakharov conditions [3] for dynamically generating a baryon asym-
metry, the one requiring out of equilibrium evolution is the least trivial regarding its quan-
titative aspects. This condition is a consequence of CPT and unitarity, which imply that
in a universe with fixed temperature and with all the particles having equilibrium phase
space distributions, there can be no generation of asymmetry (see e.g. [4, 5, 6]). How-
ever, if there are CP violating interactions mediated by particles which live for some time
and the temperature of the universe is continuously changing, it is possible to generate a
matter-antimatter asymmetry. This is so because the thermal bath in the universe is differ-
ent when the mediating particles decay from what it was when the particles were created.
Therefore the unitarity relations among CP violating processes, which hold at the level
of probability amplitudes, cannot be extended to relations among the reaction densities
-which are the quantities that drive the evolution of the density asymmetries- because they
also depend on the fluxes of the particles (see [7] for a detailed explanation). In this work
we will give some insights for the situations in which the CP violating interactions are very
fast before decoupling and therefore the lifetime of the mediating particles is considerably
smaller compared to the time scale set by the expansion rate of the universe.
We will consider the evolution of the different matter density asymmetries as described
by the classical Boltzmann equations (BE). In the equation for the lepton asymmetry, the
role of the Yukawa interactions of the heavy neutrinos can be separated in two different
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type of terms. On one hand, the so called “source terms” involve the production of lepton
asymmetry independently of the amount that is present in the Universe. On the other
hand, there are “washout terms” proportional to the lepton asymmetry which tend to
erase the asymmetry populating the Universe at each instant. The main point raised in
this work is that when the Yukawa interactions are much faster than the expansion rate
of the Universe, at each instant the thermal bath has time to relax, in the sense that the
amount of asymmetry being produced equals the amount being destroyed. This observation
leads to a simple and accurate approximation for the evolution of the lepton asymmetry
valid whenever the relevant Yukawa interactions are fast relative to the expansion rate
and the lepton asymmetry is not changing abruptly (we will be more precise about this
later). The approximation cannot describe the very last stage of leptogenesis when the
asymmetry freezes, therefore it is not so worthful for obtaining accurate values of the final
matter-antimatter asymmetry (which can be obtained solving numerically the BE or in
many cases using analytical approximations [8, 9, 10]). Notwithstanding it is useful to
understand in a simple way many features of leptogenesis, in particular the dependence of
the produced lepton asymmetry on the different parameters of the model. Furthermore,
an advantage compared to the existing analytical approximations is that, being based on
a simple physical argument, the approximation presented here can readily be generalized
to include flavour effects and spectator processes, and its application to different types of
models for leptogenesis is in many cases straightforward.
The paper is organized as follows. In Sec. 2 we describe the main ideas and intro-
duce the approximation, starting with the unflavoured case and then generalizing to the
flavoured one. In Sec. 3 we apply the approximation to study the role of flavour changing
interactions (FCI), i.e. interactions between different lepton flavours which conserve total
lepton number, showing some non trivial effects and in Sec. 4 we summarize.
2. The strong washout balance approximation
The idea developed here is very general, but for the sake of concreteness we will start
working in the framework of the type I non-supersymmetric model for leptogenesis. In this
model the particle contents is that of the Standard Model (SM) plus a number of heavy
Majorana neutrinos Ni. The Ni are SM singlets and only interact with the Higgs and the
SU(2) lepton doublets through Yukawa interactions. Therefore, in a basis in which Ni are
mass eigenstates the Lagrangian reads
L = LSM + iN i∂/Ni −MiN iNi − λαi h˜
† PRNiℓα − λ
∗
αiℓαPRNih˜, (2.1)
where α, i are family indices (α = e, µ, τ and i = 1, 2, 3, . . . ), ℓα are the leptonic SU(2)
doublets, h = (h+, h0)T is the Higgs field (h˜ = iτ2h
∗, with τ2 Pauli’s second matrix),
and PR,L are the chirality projectors. Furthermore, we will mainly focus on hierarchical
scenarios, for which the N1 mass (M1) is much smaller than the masses of the other heavy
neutrinos and we also assume that the lepton asymmetry generated during Ni>1 decays is
not relevant. Hence, from now on the notation is simplified to N ≡ N1 and M ≡M1.
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Depending on the intensity of the Yukawa interactions, leptogenesis may occur in
two very different regimes. The weak washout regime is defined by the condition ΓN ≪
H(T =M), where ΓN =M(λ
†λ)11/8π is the decay width of N and H is the Hubble rate.
In this case the heavy neutrinos decay far out from equilibrium and the erasure of the
asymmetry produced in the decay epoch is negligible. On the contrary, the strong washout
regime [ΓN ≫ H(T = M)] is characterized by small departures from equilibrium and fast
processes which tend to erase the lepton asymmetry. Alternatively, the conditions defining
the weak and strong washout regimes can be expressed as m˜≪ 10−3 eV and m˜≫ 10−3 eV,
respectively, where m˜ ≡ (λ†λ)11v
2/M is the so called effective mass and v = 174 GeV is
the Higgs vacuum expectation value.
Intuitively one can expect that when the CP violating interactions involving the heavy
neutrinos are much faster than the expansion rate of the Universe (i.e. in the strong
washout regime), the lepton asymmetry at each instant takes the value that enforces a
perfect balance between the production and destruction rates of asymmetry. Actually, the
requirements for this balance condition to rule the evolution of the lepton asymmetry are
somewhat more restrictive. It does not hold at the initial stage of leptogenesis, because
at the beginning the evolution is driven mainly by the source term. Also, when there is
a change of sign in the lepton asymmetry, its evolution has nothing to do with a balance
between source and washout. Next we study when and how the balance condition applies
to the case of unflavoured leptogenesis and then we generalize to the flavoured one.
2.1 One flavour case
The BE for the lepton asymmetry has the form
dYL
dz
= S(z)− YLW (z) , (2.2)
where z ≡M/T , S(z) and YLW (z) are the source and washout terms, respectively, and YL
is the lepton number density asymmetry normalized to the entropy density. The balance
condition introduced above states that, at each instant S(z) ≈ YLW (z) and therefore,
when it is valid, the lepton asymmetry takes the value
YL(z) ≈
S(z)
W (z)
. (2.3)
We will call this approximate expression for the lepton density asymmetry the strong
washout balance approximation (SWBA).
From the Eq. (2.2) it is clear that the balance condition is equivalent to dYLdz ≈ 0 and
that the SWBA will be accurate as long as dYLdz ≪ S(z), YLW (z). This helps to understand
the picture in the regime well described by the SWBA: There are two relevant scales of time,
a short one given by the rate of the CP violating interactions and a much longer one set
by the expansion rate of the Universe1. At each instant there is some production of lepton
1Actually, there is yet another important time scale associated with the gauge interactions that keep the
massless particles (e.g. the leptons and the Higgs) in thermal equilibrium. This is typically much shorter
than the other scales (see e.g. [8]), as assumed in this work.
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asymmetry (given by the source term) and fast processes which tend to erase it. In the
short time scale the production and erasure rates are constant and the lepton asymmetry
takes the value that equilibrates the production and destruction processes. The change in
the lepton asymmetry is only due to the slow variation of the production and destruction
rates driven by the temperature decrease of the expanding Universe. It is worth recalling
that the -slow- expansion of the Universe is fundamental for generating an asymmetry. If
the Universe were at a fixed temperature, there would be nothing like a source term and
any initial asymmetry would be erased. Below we comment on an approximate expression
for the source term that clearly shows its dependence on the expansion rate.
Considering the validity requirements for the SWBA, namely dYLdz ≪ S(z), YLW (z), it
is clear why the balance condition does not hold neither at the beginning of leptogenesis,
nor when the lepton asymmetry changes sign. In the former situation, YL is very small and
hence dYLdz ≈ S(z). In the latter, the source term changes sign, therefore
∣∣∣dYLdz ∣∣∣ = |S(z)| +
|YLW (z)|. Furthermore, at the end of leptogenesis when the CP violating interactions
decouple, all the three terms dYLdz , S(z), YLW (z) become very small and the SWBA is
expected to fail (clearly the evolution during freeze out is not given by a balance condition).
In order to see how well the SWBA behaves, let us take first a simple example of
unflavoured leptogenesis including only decays and inverse decays. The BE for this case
are
dYN
dz
= −
1
zHs
(
YN
Y eqN
− 1
)
γD ,
dYB−L
dz
= −
1
zHs
{
ǫ
(
YN
Y eqN
− 1
)
γD +
YB−L
Y eqℓ
γD
2
}
,
(2.4)
where ǫ parametrizes the amount of CP violation per neutrino decay, Yx ≡ nx/s is the
number density of the quantity x normalized to the entropy density s, Yx−y ≡ Yx−Yy, and
the superscript eq denotes an equilibrium density. In particular, YL, YB , and Y
eq
ℓ represent
the lepton density asymmetry, baryon density asymmetry and equilibrium density of one
relativistic degree of freedom, respectively, all of them normalized to the entropy density.
Furthermore, γD is the reaction density of decays, which is given by γD(z) = nN
K1(z)
K2(z)
ΓN ,
with Kn the modified Bessel functions.
Neglecting the derivative of the YB−L asymmetry
2 leads to the SWBA,
YB−L(z) =
S(z)
1
zHs
γD
2Y eq
ℓ
, (2.5)
where S(z) = − 1
zHs
ǫ
(
YN
Y
eq
N
− 1
)
γD is the source term.
2Here and in the following we work with the B − L density asymmetry, or the B/3 − Lα asymmetries
for the flavoured case, because these quantities are conserved by the electroweak sphaleron processes and
hence the BE are simpler. In any case, all the previous arguments equally apply to these asymmetries.
Furthermore, when the electroweak sphalerons are fast, the baryon and lepton asymmetries are related to
YB−L by YB = cYB−L and YL = (c− 1)YB−L, respectively, with c a constant that depends on the particle
contents of the model [11].
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To use the SWBA as it stands in the above equation, it is necessary to solve the BE
for the density of the heavy neutrinos because S(z) depends on YN . However, this can be
avoided using a simple and accurate approximation for S(z). To obtain it, note that the
source term is equal to ǫdYNdz (which is also true if scatterings are included consistently [10,
12]). Therefore, once the density of heavy neutrinos begins to follow closely the equilibrium
density, the source term can be approximated by ǫ
dY eq
N
dz and the SWBA reads
YB−L(z) =
ǫ
dY eq
N
dz
1
zHs
γD
2Y eq
ℓ
. (2.6)
In Fig. 1 we show the exact solution to the BE (2.4) obtained by numerical integration,
the SWBA using the exact expression for the source term [Eq. (2.5)], and the SWBA with
the approximated source term [Eq. (2.6)]. For comparison the quantities Y eqN , S(z), and
W (z) = 1
zHs
γD
2Y eq
ℓ
are also plotted. Note that W (z) gives a measure of the ratio between
the two time scales mentioned above. To give a clear example of the SWBA the effective
mass has been set to m˜ = 0.1 eV, which is a rather high value, but we have checked that
the accuracy of the approximation for effective masses one order of magnitude smaller is
rather similar (it just works somewhat worse at the end of leptogenesis when the Yukawa
interactions decouple). For this value of m˜ it is possible to have successful leptogenesis if
the mass of the heavy neutrino is around 1013 GeV (see e.g. [13]), hence we have taken
M = 1013 GeV. The figure illustrates that the SWBA works very well after the lepton
asymmetry changes sign and until the asymmetry freezes at z ∼ 10.
We remark that the following things happen at z ∼ 10: (I) The washouts decouple, i.e.
W (z) becomes less than 1. (II) The density of N and the B − L asymmetry (normalized
to ǫ) intersect, i.e. |YB−L| ≈ |ǫ|YN . The quantity −ǫYN has a physical meaning, namely
it is the total amount of B − L asymmetry that can be produced in the decays of all the
neutrinos present at a given moment (note that it is equal to the integral of the source
term from that moment until z → ∞). Therefore, at z ∼ 10 the maximum amount of
B − L asymmetry that could be produced becomes less than the amount already present.
(III) The lepton asymmetry starts to freeze. This is a consequence of (I) and (II). (IV) The
SWBA begins to fail. Nevertheless it still works rather fine at this point. To see this, note
that when W (z) = 1 the SWBA gives |YB−L/ǫ| =
∣∣dY eqN
dz
∣∣ ≃ Y eqN (the last equality is valid
for z & 5), in agreement with (II).
From the figure it can also be seen that the SWBA given in Eqs. (2.5) and (2.6) become
equal after z ∼ 1. This means that the approximation for the source term introduced above,
namely S(z) ≈ ǫ
dY eq
N
dz , is very accurate after the population of heavy neutrinos starts to
be -almost- in equilibrium. Using this expression it is particularly clear that the amount
of asymmetry that can be generated (by the source term) in a given unit of time depends
on the expansion rate of the universe, since this determines the rate of change of the
temperature (or equivalently of z).
To conclude with this first example, we discuss how the SWBA can be used to esti-
mate the dependence of the matter-antimatter asymmetry on the parameters of the model.
Besides the CP asymmetry ǫ, the only relevant parameter in this simple example is the
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Figure 1: Densities and asymmetries in absolute value as a function of z. The thin dashed green
curve is Y eqN , the thick dashed green curve is YN , the solid red curve is the exact absolute value
of YB−L normalized to ǫ, the thick dotted blue curve (labeled SWBA1) is the SWBA for |YB−L/ǫ|
using the exact expression for the source term, and the thin dotted blue curve (labeled SWBA2)
is the SWBA for |YB−L/ǫ| approximating the source term to ǫ
dY
eq
N
dz
. It is also shown the absolute
value of the source term normalized to ǫ, i.e.
∣∣dYN
dz
∣∣ (thin dash dotted light blue curve) and the
inverse decay rate conveniently normalized, 1
zHs
γD
2Y
eq
ℓ
=W (z) (thick dash dotted light blue curve).
effective mass m˜. From the SWBA given in Eq. (2.6) it is clear that YB−L is inversely
proportional to m˜ during the period ruled by the balance condition. If the temperature
Tdec at which the CP violating interactions decouple were independent of m˜, then the re-
lation YB−L ∝ m˜
−1 would also hold with good accuracy for the final value of the B − L
asymmetry. Actually Tdec depends on m˜ (see [9] for an analytical expression), but since
the dependence is mild -logarithmic to be more precise- and YB−L decreases only linearly
with z, the departure from the “1/m˜ law” is not much. This gives an explanation to the
known fact that the final B − L asymmetry in the strong washout regime depends on m˜
as 1/m˜(1+a), where a has a mild dependence with m˜ (see for instance [9]). For example,
a ∼ 0.15 for m˜ ∼ 0.01 eV and it gets smaller for larger values of m˜.
2.2 Flavoured case
When one or more Yukawa interactions of the charged leptons are in equilibrium and have
higher rates than the Yukawa interactions of the heavy neutrinos, the flavour structure of
the evolution equations plays an important role [14, 15, 16, 17, 18, 19]. Choosing bases that
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diagonalize the density matrices of leptons and antileptons, the BE for the asymmetries
can be written as
dY∆
dz
= S −W Y∆ , (2.7)
where Y∆ and S are the column matrices containing the Y∆α density asymmetries (with
∆α ≡ B/3−Lα) and the source terms Sα, respectively (α = 1, . . . , nf is a flavour index and
nf is the number of relevant flavours). Furthermore W is the nf × nf matrix containing
the washout factors. Note that Sα is proportional to the flavoured CP asymmetry ǫα ≡
(Γα − Γ¯α)/
∑
β(Γβ + Γ¯β), where Γα ≡ Γ(N → ℓαh) and Γ¯α ≡ Γ(N → ℓ¯αh¯) are the decay
widths of N into ℓαh and ℓ¯αh¯, respectively. If all the lepton flavours have fast CP violating
interactions, the situation is similar to the one described in the unflavoured case, namely
that at every instant the amount of CP asymmetry produced in each flavour equals its
erasure, or equivalently dY∆dz ≈ 0. This leads to the SWBA
Y∆ ≈ W
−1 S, (2.8)
that generalizes Eq. (2.3) for flavoured leptogenesis.
Figure (2) shows an example on the use of the SWBA for a flavoured case. This
time we have included decays, inverse decays and scatterings involving the top quark, but
for simplicity we have ignored finite temperature corrections for the particle masses and
couplings [13]. The spectator processes active during leptogenesis are also included (see
[20, 21] and [17]). The corresponding BE are the ones given in [17] but modifying the source
term to include the CP asymmetry in the scatterings as indicated in [12]. We have taken
M = 1011 GeV and m˜ = 0.05 eV, in which case the Yukawa interaction of the τ -but not the
one of the µ- is faster than the expansion rate and the inverse decay of the heavy neutrino,
therefore the dynamics can be described by two equations in flavour space ([18, 19, 16, 2]).
The flavour structure is given by the projectors Kα ≡ Γα/
∑
β Γβ and by the flavoured
CP asymmetries. For the projectors we have chosen the values Ke = 0, Kµ = 0.2, and
Kτ = 1 − Ke − Kµ = 0.8. Furthermore, the flavoured CP asymmetries are taken to be
proportional to some parameter ǫ¯, ǫµ = ǫ¯ and ǫτ = −0.5ǫ¯ (while ǫe = 0), therefore the
∆α asymmetries are simply proportional to ǫ¯ and in the figure we plot |Y∆α/ǫ¯| (note that
the total CP asymmetry ǫ ≡
∑
α ǫα = 0.5ǫ¯). From the figure it is clear that in the strong
washout regime, after the Y∆α change sign and until they begin to freeze, the balance
condition rules the evolution of the asymmetries also in flavoured cases. Also note that
the ratios between the flavoured Yukawa interaction rates of the heavy neutrinos and the
expansion rate of the universe can be read from the W (z) curve in Fig. (1) weighted by
the corresponding flavour projector and an overall 1/2 factor due to the different value of
the effective mass used in this example.
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Figure 2: An example on the use of the SWBA for flavoured leptogenesis. The solid curves give
the asymmetries |Y∆α/ǫ¯| (α = µ, τ) as a function of z obtained by solving numerically the BE, while
the dotted ones correspond to the SWBA represented symbolically in Eq. (2.8). Also plotted are
YN (thick black dashed curve) and Y
eq
N (thin black dashed curve).
3. Application to flavour changing interactions
In this section we will apply the SWBA to study the role of FCI. This type of interactions
is important, for example, when the Yukawa couplings of the heavy neutrinos are large,
so that the processes mediated by virtual heavy neutrinos are fast, and also, as remarked
in [22], in supersymmetric scenarios due to off diagonal soft breaking slepton masses. They
can potentially enforce the equality of the lepton flavour density asymmetries, inhibiting
large enhancements of the final baryon asymmetry due to flavour effects. Their effect could
be even more drastic in models that have a null total CP asymmetry and rely completely
on flavour effects (see e.g. [23, 24, 25]). This class of models cannot produce any baryon
asymmetry if all the lepton flavour asymmetries are equal. Next we will argue that having
fast FCI is not a sufficient condition for the flavour asymmetries to become equal and, in
particular, that their effect in the models with null total CP asymmetry is less harmful
than what could seem a priori.
We introduce the notation γα for the sum of the interaction rates that produce |∆L| =
|∆Lα| = 1 and γαβ for the sum of the ones that conserve L but violate Lα and Lβ by one
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unit, all of them normalized in such a way that the BE can be written simply as3
dY∆e
dz
= Se − γeY∆e − γeµ
(
Y∆e − Y∆µ
)
− γeτ (Y∆e − Y∆τ ) ,
dY∆µ
dz
= Sµ − γµY∆µ − γeµ
(
Y∆µ − Y∆e
)
− γµτ
(
Y∆µ − Y∆τ
)
,
dY∆τ
dz
= Sτ − γτY∆τ − γeτ (Y∆τ − Y∆e) − γµτ
(
Y∆τ − Y∆µ
)
.
(3.1)
When all the lepton flavours have fast CP violating interactions, the values of the Y∆α
asymmetries are determined by the condition that all the derivatives
dY∆α
dz be negligible.
The solution to the linear system of equations that results after setting the derivatives of
the Y∆α asymmetries to zero is
Y∆e = [γµγτSe + γeµγτ (Se + Sµ) + γeτγµ(Se + Sτ ) + γµτ (γµ + γτ )Se
+(γeµγµτ + γeτγµτ + γeµγeτ )(Se + Sµ + Sτ )] / |W | ,
Y∆µ = [γτγeSµ + γµτγe(Sµ + Sτ ) + γeµγτ (Sµ + Se) + γeτ (γτ + γe)Sµ
+(γµτγeτ + γeµγeτ + γµτγeµ)(Sµ + Sτ + Se)] / |W | ,
Y∆τ = [γeγµSτ + γeτγµ(Sτ + Se) + γµτγe(Sτ + Sµ) + γeµ(γe + γµ)Sτ
+(γeτγeµ + γµτγeµ + γeτγµτ )(Sτ + Se + Sµ)] / |W | ,
(3.2)
where |W | is the determinant of the washout matrix,
|W | =γeγµγτ + γµτγe(γµ + γτ ) + γeτγµ(γe + γτ ) + γeµγτ (γe + γµ)
+ (γeµγeτ + γeµγµτ + γeτγµτ )(γe + γµ + γτ ) .
(3.3)
Each ∆α asymmetry in the above equations is given by a sum of terms which contain
products of two interaction rates and one source factor, all of them divided by the common
factor |W |. Some terms involve the product of two ∆L = 1 interaction rates, others have
the product of one ∆L = 1 interaction rate with one FCI rate, and finally there are terms
with products of two FCI rates. The sum of this last type of terms is the same for every
∆α asymmetry, therefore all the Y∆α (α = e, µ, τ) will be equal in the case that these terms
dominate over the others. But for this to happen it is not enough to have fast FCI rates (i.e.
faster than the expansion rate). Basically two more conditions must be satisfied. In order
to state them in a simple way, let us assume that all the FCI rates have the same order
of magnitude, with their average value denoted by γFCI(z). In addition, all the ∆L = 1
interaction rates are also taken to be similar in magnitude, with an average value equal to
γ∆L=1(z). Then, the aforementioned conditions are
(I) γFCI(z)≫ γ∆L=1(z) ,
3Spectator processes can easily be included in the analysis, but for simplicity we will neglect them.
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(II)
∑
α Sα ≪/ 1 .
In particular, the condition (II) for ensuring equality of all the lepton flavour asymmetries is
not trivial a priori, but follows rather directly from the analysis based on the SWBA. Since
the models with null total CP asymmetry verify
∑
α Sα = 0, the asymmetries Y∆α will not
be in general equal in these cases, even under the presence of very fast FCI (this holds
during the period ruled by the balance condition but not after the ∆L = 1 interactions
decouple, as will be further discussed in the example given below).
From the Eqs. (3.2) it is also possible to estimate the dependence of the density asym-
metries on the intensity of the FCI. We take γFCI ∝ m˜
4
od, where m˜
4
od parametrizes the
intensity of the FCI (the reason for this notation will become clear below). For the case
ǫ ≈ 0 the Eqs. (3.2) indicate that if γFCI ≫ γ∆L=1 before the CP violating interactions
decouple, then |Y∆α| ∝ 1/m˜
4
od. Note that this statement, as well as the conditions (I) and
(II) for having equal flavour asymmetries, hold for generic flavour structures of the Yukawa
couplings, while special cases like the presence of null projectors or some projectors being
equal have to be treated separately.
To show a detailed example we consider the case of soft leptogenesis [26, 27], taking
into account the full flavour structure [28] and including the FCI induced by off diagonal
soft supersymmetry breaking masses for the slepton doublets [22]. A difference between
the example given here and common analysis in the literature is that, in order to get a null
total CP asymmetry, we do not assume the trilinear couplings “A” of the soft breaking
terms Aα1λα1N˜ ℓ˜αh to be flavour independent. Hence the flavoured CP asymmetries in the
resonant condition can be written as ǫα(T ) = KαIm [Aα1]∆BF (T )/M (for one generation
of heavy neutrinos), where ∆BF (T ) is a thermal factor that goes to 0 when T → 0 [27].
For the example we have chosen Ke = 0.1,Kµ = 0.2, and Kτ = 0.7, whereas Im [Aα1] =
|A| sinφα, with |A| = 10
4 GeV, φe = π/2, φµ = π/4, and φτ equal to the value that
makes ǫ =
∑
α ǫα = 0. Furthermore, we have calculated and included the rates of the FCI
induced by the off diagonal soft breaking slepton masses, which are taken to be all equal to
a parameter called m˜od (see [22] for a detailed description), so that γFCI ∝ m˜
4
od. The FCI
rates also depend on tan β, taken here to be equal to 30. For more details on the evolution
equations and parameters involved the reader is referred to [28].
Figures (3) and (4) contain the results of our analysis. In Figure (3) the final baryon
asymmetry is plotted as a function of m˜4od for a fixed value of the effective mass m˜ = 0.2 eV
and M1 = 10
6 GeV. It is clear that the behavior described above is verified. For small
m˜od the asymmetry is independent of m˜od, but when the FCI become fast enough, the
final asymmetry satisfies YB−L ∝ 1/m˜
4
od. The -approximate- value of the cosmological
asymmetry is indicated with a horizontal line and it can be seen that in this example the
cosmological asymmetry is achieved under FCI dominating over all the other rates, even
though the total CP asymmetry is null.
Figure (4a) shows the evolution of the density asymmetries corresponding to the point
signaled in Fig. (3), which is representative of a situation with FCI much faster than
the expansion rate and the ∆L = 1 interactions during most of the decay epoch [see
Fig. (4b)]. As can be seen the SWBA reproduces with reasonable accuracy the exact
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Figure 3: The final baryon asymmetry as a function of m˜4od for the example described in the text.
The horizontal line corresponds to the cosmological asymmetry and the small square is a reference
for Fig. (4).
results. In particular the “predicted” non equality of all the flavour asymmetries during
the leptogenesis era, even with very fast FCI, is verified. Note that the flavour asymmetries
do equalize at the end of leptogenesis, but this happens when the ∆L = 1 interactions are
decoupling and theB−L asymmetry is freezing, so that YB−L is not affected much. Instead,
if the equality among the asymmetries had hold at earlier times, the total asymmetry would
have been null, since ǫ = 0.
From Figure (4a) it can also be seen that in this case the SWBA ceases to be good
somewhat before the freeze out, due to the late change of sign of Y∆τ . Nevertheless, the
dependence of YB−L on a given parameter of the model does not change much between the
period ruled by the balance condition and the end of leptogenesis, as long as Tdec does not
depend on this parameter (remember the discussion at the end of Sec. 2.1 and take Tdec for
the flavoured case equal to the temperature at which the largest CP violating interaction
decouples). This is why the SWBA remains useful for obtaining the dependence of the final
asymmetry on some parameters of the model, in particular on m˜od which does not change
Tdec. On the contrary, the study of the dependence of YB−L on m˜ in this example is more
involved. While the SWBA holds, YB−L is independent of m˜ when γFCI ≫ γ∆L=1. But the
final B−L asymmetry gets some dependence on m˜ because Tdec decreases with increasing
m˜. Contrary to the simple case described in Sec. 2.1, here YB−L is decreasing exponentially
before freezing out4, hence a small change in Tdec produces a big change in the final value of
4This can also be understood from the SWBA. The Eqs. (3.2) for the case ǫ = 0 and γFCI ≫ γ∆L=1
roughly imply that Y∆α(z) ∼ S(z)/γFCI(z), where S(z) is some combination of the source terms. Since
S(z) ∝
dY
eq
N
dz
∝ e−z for z & 1 and γFCI is not exponentially suppressed, the exponential decrease of YB−L
with increasing z follows.
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YB−L. It can be shown that if the CP asymmetries ǫα were independent of the temperature,
then the final asymmetry would approximately satisfy YB−L ∝ 1/m˜, as a result of the
combination of the logarithmic dependence of Tdec on m˜ with the exponential decrease
of YB−L before freeze out. But actually the CP asymmetries decrease with temperature,
which adds an additional dependence of the final B − L asymmetry on m˜. This could
be studied more precisely using the SWBA together with a knowledge of Tdec = Tdec(m˜),
however it is not the goal of this work to give more details on this point.
As a final remark, we want to refer to a model of leptogenesis with null total CP
asymmetry presented in [24]. Actually, a brief mention of the basic idea developed in this
work was made there to gain understanding about the dependence of the baryon asymmetry
on the different parameters. In this model, as well as other TeV scale models for leptogenesis
(see e.g. [29]), the electroweak sphalerons decouple before the end of leptogenesis. Then,
the baryon asymmetry often freezes in the regime well described by the balance condition
and in these cases the results obtained from the SWBA are very accurate.
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Figure 4:
The asymmetries and rates as a function of z, corresponding to the point signaled with a small
square in Fig. (3). (a) The asymmetries cY∆e , cY∆τ , and YB =
∑
α cY∆α as a function of z, where
c = 8/23 is the conversion factor between the B−L and the B asymmetries due to the electroweak
sphaleron processes. The solid curves give the asymmetries obtained by solving numerically the
BE, while the dotted ones correspond to the SWBA. The asymmetry Y∆µ is approximately equal
to Y∆e and hence it has not been plotted. (b) The reaction densities of decays summed over all
flavours (γD), CP violating scatterings involving the top quark also summed over all flavours (γs),
and FCI induced by off diagonal soft breaking slepton masses averaged over all flavours (γosm),
as a function of z. All the reaction densities have been normalized to Hnl, where nl denotes the
equilibrium density of one relativistic degree of freedom.
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4. Conclusions
It has been shown that when the CP violating interactions in leptogenesis are fast, the
classical evolution of the lepton asymmetry is ruled by an equality condition between the
amount of asymmetry that is being generated and erased. This fact can be used to obtain
a simple approximation for the asymmetry, called here SWBA, which can generically be
written as YL = S(z)/W (z). Here S(z) is the source term and W (z) is a combination of
interaction rates such that W (z)YL is the whole washout term. This relation is also valid
when different lepton flavours participate in the dynamics. In many models the source term
can be obtained with high accuracy just from the rate of change of the heavy neutrinos
equilibrium density induced by the expansion of the Universe. Therefore, the SWBA often
does not require any integration of differential equations.
To be more precise, the balance condition between the generation and destruction of
asymmetry holds as long as the CP violating interactions remain fast with the exception
of the initial period in which the lepton asymmetry is starting to be generated or when
it is changing sign. More importantly, the SWBA fails at the end of leptogenesis because
the Yukawa interactions of the heavy neutrinos become slow, therefore in general it is not
useful for obtaining accurate values of the final asymmetry. However, as explained in this
work, the SWBA allows to understand in a simple and rather accurate way the dependence
of the asymmetry on the parameters of the model. In particular, we have shown that it
is useful for studying the models with null total CP asymmetry and fast FCI. In these
cases flavour effects are mandatory to have successful leptogenesis and hence FCI could
be potentially harmful. However, we have found that fast FCI do not necessarily spoil
baryogenesis, since the final asymmetry has a quite mild dependence on the intensity of
these rates, namely YB ∝ 1/m˜
4
od (with the rate of the FCI being proportional to m˜
4
od). This
relation is comparable to the dependence of the baryon asymmetry on the effective mass
in simple models for leptogenesis which do not require flavour effects to be successful.
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